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¢ Por qué TEM? |
* Resolucion (Imagenes)

— MO: ~ 200 nm
—SEM: ~1 -3 nm

—TEM: 0.1 - 0.2 nm
(record de 0.08 nm)

e |Informacion
Cristalografica

e Composicion quimica
(nanoanalisis)
Y lo mejor ... Todo al

Dispersion de electrones

Resolucién — 0.1-0.2 nm mismo tiempo!




El Microscopio Electronico de Transmision
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FIG. 3.8 Schematic comparison of basic light-optical and
electron optical microscope systems.



_ Haz incidente, alta energia
e retrodispersados
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A medida que los electrones atraviesan la

— Incident

muestra pueden ser dispersados por una __clectron beam
variedad de procesos, o bien no sufrir cam- — ey
bio alguno.

Thin specimen

El resultado final es que una distribucion no

homogeénea de electrones emerge desde la mage MJ/

superficie inferior de la muestra. W S varying intensicy
B Incident electron
beam direction
Thin specimen
Diffraction F&Tn?gu ;Eattlr S;id
Esta distribucion no homogénea de — |

electrones contiene toda la
informacion estructural y quimica
de la muestra



Difraccion de electrones
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Figure 11.3. Definition of the scattering vectors: (a) the incident
wavefront normal is k,, the diffracted wave normal is k,; (b) K is the dif-

ference vector (= k, — k)); (¢) sin 0 is defined as K/2k..
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En el caso de 6= 6;:

Ley de Bragg:

2s1n0, = g

|
) ‘KB‘:g

KB = g Definicién




Espacio reciproco

r =na+ nzb +n,C Vector de red (n,, n, y n,: enteros)

r = mla* -+ mzb* 4 m3c* Vector de red reciproca (m,, m, y m,: enteros)

a -b=a -¢c=b -¢c=b ra=c¢c a=¢ -b=0
m a | bycb Laycce Layb

a* ‘A = b* b = C* c=1 ‘ Define la magnitud de a*, b*,C*
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Ewald Sphere
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Figure 12.3. The Ewald sphere of reflection is shown intersecting a
noncubic array of reciprocal-lattice points. The vector CO represents k|,
the wave vector of the incident wave, and O is the origin of the reciprocal
lattice. kp is any radius vector. When the radius of the sphere is similar to
the spacing between the points in the reciprocal lattice, as is the case for
X-rays, the sphere can only intersect a few points, as shown. When A is
much smaller, as for 100-keV electrons, the radius is much larger, the
sphere is flatter, and it intersects many more points.



Error de excitacion

K=g+s




Difraccion de cristales

F = Z]pie%tiK-ri
1 \

Factor de dispersion atbmica
rr=xa+yb+zc Posicion atémica

K = ha* + kb* + [c* Vector red reciproca (K=g)

F = Z fiezm(hxﬁkyﬁlzi) Factor de estructura
1



Difraccion de volumenes finitos
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Figure 17.1. An idealized thin-foil specimen modeled as a rectangular
slab made up of rectangular unit cells of sides a, b, ¢. There are N_cells in
the x direction, Ny in the y direction, and Nz in the z direction.
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Figure 17.2. The relrod at g, , when the beam is AB away from the ex-
act Bragg condition. The Ewald sphere intercepts the relrod at a negative
value of s which defines the vector K = g + s. The intensity of the dif-
fracted beam as a function of where the Ewald sphere cuts the relrod is
shown on the right of the diagram. In this case the intensity has fallen al-

most to Zero.
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Figure 17.4. (A) Diffraction from a wedged crystal. (B) Notice that
when s < 0, relrod 1 is on the left of relrod 2 but the order reverses when s
becomes =0. The effect of this pair of relrods is to create a doublet shown

in (C) and (D). The middle spot is the matrix relrod.



17 B DIFFRACTION FROM SMALL VOLUMES
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Figure 17.9. Examples of how spots in reciprocal space have different
shapes, depending on the shape of the particles which are diffracting.



Haces Difractados

Incident beam
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Figure 13.1. Defining the point P. The incident beam is scattered in-
side the thin specimen. We want to know the intensities of the direct beam
(O) and the diftracted (G, ) beams for each point P at the bottom surface of

the specimen (the exit surface).




Representacion de la onda de electrones
- 2y - 2wy -
WT _ ¢082mx0 r n gle Ti)g, ¥ n gze MiYg, T L.

Z Vector de onda en el vacio

k Vector de onda en la muestra

‘ Necesitamos conocer la amplitud
de los haces difractados



Ecuaciones de Howie-Whelan
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Analogia con un oscilador armonico

Cuando s=0, la intensidad del haz difractado y directo corresponde a:

=sIin"| —

S

‘2 ) ﬂ:t

2

‘¢0‘ =1-sin’ s

S

Notamos que |, es cero en t=0 y nuevamente en tzig.

::> Por esta razon &, se denomia distancia de extincion: es la
distancia a la cual la intensidad del haz difractado se hace nula

La intensidad es continuamente transferida desde |, a |, y viceversa a medida
gue cambia el espesor.



Ecuacion de Schrddinger
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Zme Figure 14.1. (A) The local charge sensed by the beam electron as it

passes through a metal, represented as a row of “ion” cores (black circles)
in a sea of electrons. The local charge is very large and positive in the
vicinity of the ion and becomes small, but not zero, between the ions.

h 2 The difference between the minimum charge and zero corresponds to the

2 T l T mean inner potential of the crystal, which is a few eV (positive). So the

V (r) — U e g beam electron experiences a small positive attraction as it enters the crys-
g tal, hence its kinetic energy (velocity) increases. (B) V(r) is the potential

of the electrons, so their potential energy is negative and becomes more

2 m e g s0, the closer they pass by the ions.



Ondas de Bloch

\0) (r) = Z Cg(j)e275i(k(j)+g)'r Poseen la simetria del cristal
g

n

Y = Z A(j)\{l(j) (l‘) Representacion en funcién

total ~—
- de ondas de Bloch

J=1
n - - s
V7 . 2miKr Representacion en funcion
total "~ 2 I,¢je de haces difractados
J=1

¢0 esta compuestade P (V) y‘P(z) Condicion de

dos haces
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=)




¢g . P B {ezm(k<2)—1<)-r _e2ﬂi(k(1)—K)-r}

= Sin 5 COS 5
\P(2) \P(l)
Usando las ondas de Bloch se define la distancia de extincion como:

Distancia de extincion
i_zKCOSOB_ 1 Distanci | | l]a intensidad
g — 5 ) istancia a la cual la intensida

Ug ‘k( ) — k( )‘ del haz incidente se
transfiere completamente al haz
difractado
2 _ 2meE

K +U 1
Vector de onda dentro del cristal
eClor de onda aentro del crista ‘ ‘2 o) T[t
¢,| =sin
g

Es el “latido” de las ondas de Bloch

[
4| =1-sin g—

g
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Figure 14.2. The two types of Bloch wave in the crystal aligned at the
Bragg condition: (A) the maximum lies along the ion cores and Bloch
wave 1 interacts strongly; (B) the maximum lies between the ions so that

the interactions are weaker.



Patrones de Difraccion il
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Figure 18.2. The stereographic projection. The crystal is at the center
of the sphere. Normals to the crystal planes are projected until they inter-
cept the sphere at P, then projected back to the south pole (001) of the
sphere. Where this projected line crosses the equatorial plane at P' is the
point that uniquely represents the original plane on the crystal. Note that
planes in the same zone on the crystal project as a line of longitude on the
sphere, called a great circle, and project as the arc of a circle on the equa-
torial plane, whose circumference is called the primitive great circle.
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Figure 18.5. The stereographic projection for a cubic foil with a [001] normal, assuming the beam is down [001] also. If you want to form an image
with the 032 reflection, you need to tilt the specimen so the 01 pole rotates until it is on the primitive, i.e., it is 90° from the beam direction. To do this
you need to tilt about an axis that is 90° from the 022 reflection, such as the [100], [111], [311], zone axes.



18 M INDEXING DIFFRACTION PATTERNS 281
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Figure 18.17. Four standard indexed diffraction patterns for bee erystals in the [001], [011], [T11], and [112] beam directions. Ratios of the principal
<pot spacings are shown as well as the angles between the principal plane normals. Forbidden reflections are indicated by x.
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Figure 18.18. Four standard indexed diffraction patterns for fcc crystals in the [001], [011], [111], and [T12] beam directions. Ratios of the principal
spot spacings are shown as well as the angles between the principal plane normals. Forbidden reflections are indicated by x.



Ejemplos




Nanoparticulas de Oro
2-3 Nm

Aluminio nanocrisrtalino
30-50 nm




SiC amorfo SiC parcialmente
cristalizado




Convergent-Beam Electron Diffraction CBED
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Figure 20.1. Ray diagram showing CBED pattern formation. A con-
vergent beam at the specimen results in the formation of disks in the BFP

of the objective lens.



Convergent-Beam Electron Diffraction CBED

Con iluminacion paralela podemos analizar
A B C regiones de la muestra de ~500 nm

| Small Medium ngrgc
. v - " ha Con CBED podemos obtener informacion
cristalografica de regiones mucho mas
pequenas (1 a 10 nm)

/QQQ//@&ZJ/@ Ademas tenemos acceso a informacion

- gue no esta disponible en experimentos
ossel- Kossel . . Iy
Mollenstedt pattern convencionales de difraccion:

pattern

specimen

» Espesor de la muestra

» Celda unitaria y determinacion precisas de
parametros de red

 Sistema cristalino y simetria tridimensional
real

D E F

Las desventajas de esta técnica son:

Figure 20.3. (A)-(C) Ray diagrams showing how increasing the C2
aperture size causes the CBED pattern to change from one in which indi-
vidual disks are resolved to one in which all the disks overlap. In (D)—(F)

you can see what happens to experimental patterns on the TEM screen as ¢ ContaminaCién |Oca|i2ada
youselect larger €2 apertures. » Calentamiento o dafio de la zona analizada



Comparacion entre SAD y CBED

Figure 20.2. (A) SAD pattern from [111] Si showing the first few or-
ders of diffraction spots but no Kikuchi lines. (B) CBED pattern from
[111] Si showing dynamical contrast within the disks as well as Kikuchi

and other lines.

Silicio



B F

Figure 21.8. (A, B)[100],(C, D) [110], and (E, F) [111] ZAPs from stainless steel used to determine the point group. In (A, C, E) the low-L pattern
gives the WP symmetry and in (B, D, F) the high-L pattern shows the BF symmetry. From the WP and BF symmetries, possible diffraction groups and
point groups are determined, as summarized in Table 21.5.

Acero Inoxidable




Espesor de la muestra

Figure 21.1. Kossel-Mollenstedt fringes in a ZOLZ CBED pattern
from pure Al taken under two-beam conditions with (200) strongly ex-
cited.
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Figure 21.3. (A) The measurements necessary to extract thickness (1)
from K-M fringes. From n, measure spacings of AB, determme the devia-
tion parameters s, then (B} plot (s, /"k) against ”k If the plot is a
straight line, extrapolate to the ordinate to find #2) and hence 1.
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